We analyze experimentally and theoretically the decrease of the ground state output with increasing current in twostate quantum dot lasing. We show that the asymmetry in the thermal population redistribution breaks the symmetric dynamical evolution of the electron-hole pairs. This fully explains the transition from two-state to single-state lasing observed experimentally.
The self-organized quantum dot active region heterostructure consisted of 6 InGaAs QD layers embedded in quantum well using DWELL technology. Ridge waveguide (3-5 m wide) index guided lasers were fabricated with lengths of 1 mm, 1.5 mm, and 2 mm. These devices were mounted p-side up on Peltier controlled copper heat-sinks. While long devices emitted in the ground state (GS) near 1310 nm, 1 mm long and 4 m wide devices emitted first in the GS but also in the excited state (ES) near 1240 nm for injection currents typically larger than twice threshold. The light-current characteristics of these devices were first obtained in the cw regime. As the injection current increased, the power in GS decreased while the power state in the ES increased. The device was then operated in the pulsed regime in order to remove the role of thermal effects. Decreasing the pulse duration down to 6 ns does not lead to qualitative modification of the LI curves. The invariance of the bifurcation diagram with respect to the pulse duration indicates that thermal effects do not play a role. Both the GS and ES lasing thresholds were measured in the pulsed regime as a function of the device temperature. Above 60C the lasers only lased in the excited state, while both states could lase below this temperature. For temperatures ranging from 30C to 60C, the GS (ES) threshold increased (decreased) almost linearly with a slope of -2.8 mA/degree (5.3mA/degree).
We show that the experimental observations are fully explained by the different time scales for the electrons and holes thermal population redistribution. We use a rate equation model linking the photon numbers and the carrier densities in the ground and excited states. Our analysis is based on the fact that for the hole levels, the energy separation is much smaller than average energy of the thermal fluctuations, contrary to the situation prevailing for the electron levels separation. Consequently, a quasi-equilibrium is quickly reached between the hole level populations, while the electron level populations are still strongly out of equilibrium. This results in a dramatic difference between the redistribution rates of the two types of carriers. While the electron populations are strongly dissymmetric, the hole populations are almost equal. Consequently, the hole reservoir acts as one effective level. The resulting dynamical system is equivalent to a V-scheme with two upper electrons levels and a single lower level for the holes. When lasing occurs on both GS and ES transitions, the thermal balance between the two hole levels implies that both fields compete for the same holes. Since the effective gain of the ES transition is twice the effective gain of the GS transition, the ES field increases with pump at the expense of the GS field. Temperature dependence of the two lasing thresholds is also well reproduced by the model. 
